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A nanostructured latex film for controlling and monitoring cell growth in consumer products

and medical applications

FIELD OF THE INVENTION

This invention pertains to the field of consumer products such as food packaging,
pharmaceutical products and medical devices and to the ficld of nanostructured films for
controlling and monitoring cellular processes. The aim of the invention is to prolong
shelf-life of consumer products by reducing bacterial growth. More specifically this
invention pertains to active and intelligent packaging solutions, that can be functionalized
with semi-transparent clectronics for monitoring and manipulating cellular processes,

wherein said nanostructured film controls cellular attachment and growth.

BACKGROUND ART

Current solutions for reducing bacterial growth in food packaging often involve adding
chemicals, silver ions, antibiotics, benzoic acid, nanoparticles or other antibacterial
compounds to the packing material in order to achieve prolonged shelf-life [1]. These
compounds can however be toxic to the environment and for human consumption,
especially when accumulated in larger quantities [2]. To be able to create inert materials
that reduce bacterial growth without toxic compounds would open up a new dimension of
food packing technologies. Thercfore, controlling cell growth by influencing the surface
topography and chemistry of non-toxic materials such as latices it would be possible to
create inertly antimicrobial surfaces that could prolong the shelf-life of food products [3].
As it is, latices are widely used to manufacture millions of consumer and commercial
products and due to the ease-of-processing of latex it would be a suitable material to be

used in both active and intelligent packing technologies [4].

The influence of surface topography and in vivo mimicking of 3D features in cell cultures
has been studied [5, 6, 7, 8, 9]. Nano- and micro-textured surfaces have been fabricated
by several methods, often by photolithography and ectching [8, 10, 11]. Biodegradable
thin films of poly-L-lactic acid [12] and chitosan [13] have been fabricated using soft
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lithographic techniques by applying the polymer solutions on the template surfaces and
by peeling them off after solvent evaporation. Zhang et al. has used focused ion beam
milling to create regularly patterned gold films with a wide palette of colors without
employing any form of chemical modification [14]. Morariu et al. has described an
electric field-induced sub-100-nm scale structure formation process using polymer

bilayers [15].

Similarly, surface topography has been shown to critically influence bacterial cell
attachment in scveral studies [16] as they attach to specific geometries, possibly
maximizing the surface contact [16] and altering their size and morphology according to
the surfaces they attach to [17]. In the case of S. sanguinis, P. aeruginosa and S.
epidermis on differently manufactured and treated PMMA surfaces [19, 16]; the adhesion
of §. aureus and P. aeruginosa onto ultrafine-grained titanium [17]; the adhesion of S.
aureus, S. epidermis, P. aeruginosa and E. coli (as well as human osteoblasts) on shot
peened 316L stainless steel [18]. The use of nanostructured surfaces has been suggested
c.g. in medical applications, such as medical sutures, to obtain antibacterial propertics

and thereby prevent infection of ¢.g. the sutured wound [19].

In mechanisms underlying bacterial attachment, the surface chemistry also plays a role.
This includes varying bacterial adhesion on materials with different functional groups,
affecting material hydrophobicity and charge[16]. In particular, a negative surface charge
has been seen to reduce bacterial adhesion, compared to that of a positive, in the case of
PMMA/acrylic acid and PMMA/(dimethylamino ethyl methacrylate) [16]. This is
dependent on not only the physico-chemical properties of the bacterial line itself, such as
its surface charge, but also on environmental factors, such as nutrients available for the

cells to work towards the adhesion to the surface [16, 23].

A biocompatible and nanostructured latex blend has been proven to be a non-toxic
substrate material for both cukaryotic and prokaryotic cells [20] [21]. By fine-tuning the
surface topography of the latex it is possible to create a surface that is cither cell-repellent

or cell-supporting [20]. Furthermore, functionalized nanostructured latex has been shown
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to be antimicrobial to the bacterium Staphylococcus aureus that could be used in

development of active surfaces in order to reduce the risk of food-borne intoxications

[21]

Radio frequency identification (RFID) technology provides a means to activate passive
tags or sensors for measurement and readout. Such passive sensors can be made very
simple and produced very cost-cffectively, as they do not require a power source [22]. In
RFID sensing the resonance impedance spectrum of the antenna can detect chemical,
biological or physical properties or changes in the surrounding environment, i.c. the food
package [23]. Classically, RFID tags applied in the food industry have been associated
with temperature readouts and food safety, where the readout could be the presence
pathogens, or the gaseous chemicals formed during ripening or fouling of the packed
food, for instance milk or fish. [22, 23] A more advanced intelligent package could
include a gas sensor for detecting sulfur compounds from rotting meat [24] or an ethylenc
sensor for detecting ripening of apples [25]. [26] Furthermore, by adding an impedance-
measuring clectrode it would be possible to obtain detailed information on cellular
processes such as cell adhesion, growth, pH, metabolites and glucose content [27, 28, 29,

30].

SUMMARY OF INVENTION

It is an aim of the present invention to control and monitor bacterial cells present in
commercial products, such as food packaging and pharmaceutical packing, and medical

devices in order to prolong shelf-life and decrease the risk of bacterial infection.

It is another aim of the present invention to provide nanostructured transparent or semi-
transparent latex films for flexible and semi-transparent electronics, wherein said film can

be self-supporting or said film is on a support material.

It is a third aim ofthe present invention to provide an electronics assembly for monitoring

and manipulating cellular processes in real-time.
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It is a fourth aim of the present invention to provide the electronic assembly capabilitics
of sending and receiving information regarding the content of a food or pharmaceutical

product or medical device in a package.

The present invention is further directed to a functionalized transparent or semi-
transparent nanostructured latex film on a transparent support such as plastic or glass or

on a non-transparent support such as paper and cardboard.

Especially, the present invention provides a nanostructured polymeric latex coating that
increases shelf-life equipped with a sensing electrode with an additional radio-frequency

identification (RFID) sensor, or similar.

More specifically, the present invention is characterized by what is stated in the

characterizing parts of the independent claims.

Considerable advantages are obtainable with the present invention. Thus, substrates with
specific properties can control cell-substrate interactions and induce cellular processes
and decisions by means of passive and/or active control to either enhance or decrease

bacterial cell proliferation and adhesion.

By means of the present invention it is possible accurately to control the nanostructure
(Figure 1) and surface chemistry of the latex film as defined herein. To be able to design
surfaces that support, regulate, and monitor biological processes is an approach, which
has immense potential in different applications in applied research and consumer

markets.

There is an immeasurable need within food industry, medical industry, construction
material industry and consumer market for inexpensive biocompatible materials that can
be easily produced and customized for controlling and monitoring specific cell types. In

many cases, the possibility to sense and follow biological responses taking place within
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the employed materials would improve the shelf-life of food products by controlling the
complicated cellular interactions with the enclosed environment. The present invention
enables production of man-made materials with both active and intelligent food package

capabilities in order to meet such needs.

By including a sensing electrode on the latex film, it is possible, for example, to detect
and measure the metabolites of cells or manipulate cellular processes in real-time. The
present invention presents a novel hybrid active and intelligent food packing; Its active
part is composed of a transparent and both chemically and topographically customized
latex film, and the intelligent part is composed of sensing electrodes that enable real-time
measurement of ¢.g. pH and ion concentration within the food packing environment as

well as the metabolic states of the cells.

Next, embodiments will be described in more detail.

BRIEF DESCRIPTION OF THE DRAWINGS

Figure 1. a) AFM topographical image (5 um x 5 um) b) 3D reconstruction and c) line
profile of a nanostructured latex surface from a 50:50 PS:ABS blend sintered for 30

seconds 1 hour after coating.

Figure 2. a) A photograph and b) transmittance spectrum covering the visible wavelength
area show the good transparency of the latex film and the evaporated gold electrodes. The
numbers on the computer screen in the background are clearly visible even through the
gold film. A comparison of the topography prior to gold evaporation (c, d) and after gold
evaporation on latex film (e, f) is seen in the AFM (5 um x 5 um) images and the
corresponding line profiles. The gold deposition is apparent through the fine structure as

small grains of about 6 nm in height on top of the latex surface.

Figure 3 a) The long-term stability of the electrode on the latex surface in cell media has

been confirmed during impedance spectrometry. This is seen as a negligible change after
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the KClI clectrolyte (black squares) is replaced by cell media (colored boxes). A much
bigger change is expected when the electrodes are covered by cells. b) The capacitive
response changes as HDF cells attach to the surface of a gold clectrode on a
nanostructured latex film after being seeded (0Oh). The capacitance decreased as more
cells attach to the surface. After ca 3 hours the majority of cells have attached and are

spreading, which again increased the capacitance.

Figure 4. A schematic presentation of different fabrication steps for latex films that
comprises a blend of two latexes, e.g., a) polystyrene (PS) and b) styrene butadiene
acrylonitrite (ABS) which, for example, are suitable for use as coating material for

controlling cell growth in consumer products.

Figure 5. Variation of cell growth visible on the nanostructured latex coated coverslips
using Human Dermal Fibroblast (HDF). On the top, HDF cells grown on a non-coated
glass cover slip, after 24 h (left) and 96 h (right). In the next rows, HDF cells grown on
latex blends (HPY83:HPC26 - 50:50, 60:40, 40:60) coated on glass cover slip grown for
24 h (left) and 96 h (right). Variations in cell growth visible on the nanostructured latex
coated coverslips compared to non-coated glass surface using HDF cells. The
HPY83:HPC26 - 50:50 and 60:40 increases cell growth whereas the 40:60 blend

decreases cell growth.

Figure 6. Quantified HDF cell growth with a latex blend at different PS to ABS ratios,
shown as cell growth relative to that observed on glass (normalized as 1.00). The
nanostructured latex films dramatically affects cell growth compared to glass, for
example, the 50:50 and 60:40 blend increases significantly cell growth whereas the 40:60
decreases growth. These variations have been correlated to changes in roughness of the

surface film.

Figure 7. Key roughness parameters that affect the proliferation of HDF cells on the latex
surfaces with tuned roughness have been observed to be, among others, Sy (effective

surface area), S¢/Sc (the RMS-roughness normalised with the correlation length, the
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lateral roughness), Sq4s (density of summits) and Sg (fractal dimension of the surface

geometry).

Figure 8 is a schematic illustration of hierarchically structured latex based electronics with
built in radio-frequency identification device for monitoring and manipulating cellular
processes in consumer products such as food product packing, pharmaceutical packing and

medical devices.

Figure 9 is a schematic illustration of hierarchically structured latex based electronics
with built in radio-frequency identification device for monitoring and manipulating

cellular processes in food packing.

DESCRIPTION OF EMBODIMENTS

Cell signaling governs the fate of all cells. In the present invention, materials with
specific surface properties, especially surface chemistry and roughness, have been
developed and an understanding gained how cell-substrate interactions control cellular
processes and decisions by means of passive and active control to for example enhance or

decrease cell growth and cell adhesion.

This invention describes the production of a polymeric film, specifically a mix of two
different polymers, in order to obtain a barrier layer in food or pharmaceutical product
packaging that reduces bacterial cell growth. Said reduction in bacterial growth is a result
of choosing not only a surface with chemical properties to prevent bacterial adhesion and
growth (c.g. wetting and polar components of the surface energy), but also, and
especially, controlling the nanostructure of the surface in order to prevent bacterial
adhesion and so prevent bacterial film formation. This is done by using a mixture of two
lattices and thermally annealing the surface so that a surface topography that hinders

bacterial adhesion is obtained, and therefore cell growth is decreased.
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This invention addresses the need for an increased shelf-life of food products such as
groceries in order to reduce spoilage losses, and thus consequently decrease waste. In
addition, this invention supports the need to monitor the spoilage of packaged food so
that less food is unnecessarily disposed of and on the other hand, so that spoiled food

would not be consumed and health risks would thus be reduced.

This invention also correspondingly addresses “a pharmacecutical product package or
packing” which term as used herein means any container, package or component(s)
thereof that comes in contact with a pharmacecutical, biological or biotechnological

substance or formulation in solution or solid state.

With this principle, functionalized substrates with properties that can control cell-
substrate interactions, induce cellular processes and decisions by means of passive and
active control to either enhance or decrease cell proliferation, cell adhesion and/or induce

cell death are provided.

By including a sensing electrode on the substrate, it is possible, for example, to measure
the metabolites of cells or follow the adhesion of cells or the pH of the product in real-

time.

As a substrate suitable for food packing and compatible for flexible and semi-transparent
clectronics, the present invention provides a transparent or semi-transparent latex film,
wherein said film is self-supporting or said film is on a transparent or non-transparent

support.

Thus, typically, the substrate comprises a structure which is transparent or semi-
transparent and extends preferably along a plane, such that it allows for transmission of
light, in particular light in the visible range, through the structure, for example at an angle
of 45° - 135°, in particular 60° - 120°, for example about 90°, against the plane along

which the substrate extends.
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The transparent support can preferably be made of glass or polymer material, such as a
thermoplastic material. Preferably, the film is transparent or semi-transparent with the
transmission of light in visible range being over 50 %, more preferably in the range of

70%-90%.

The terms “transparent” and “semi-transparent” refer herein to the field of optics so that
transparency is understood as the physical property of allowing visible light to pass

through the material without being scattered.

The transmission through the material, as discussed herein, is for example measured at an
angle of 45° to 135°, in particular 60° to 120°, for example about 90°, against the plane

along which the substrate extends.

The term “roll-to-roll processing” refers herein to the process of creating polymeric films
or electronic devices on a roll of paper, board, flexible plastic or metal foil. It can refer to
any process of applying coatings or printing by starting with a roll of a flexible material

and re-reeling after the process to create an output roll.

In one major embodiment of the invention, the latex film comprises a nanostructured
surface having a hierarchical morphology. An example of the surface morphology is
shown in Figure 1. Latex blends used for preparing said films preferably comprise
styrene and/or butadiene groups. Said nanostructured surface can be formed by a heat

treatment, e.g. by sintering the latex film with an IR lamp.

Preferably, the latex film comprises a blend of two latexes (i.e. “hard” and “soft” latexes).
In order to achieve the effect of the invention, a person skilled in the art is able to choose
appropriate  latex materials for the latex blend, e¢.g., based on the
hydrophobicity/hydrophilicity, presence of functional groups (such as acidic groups),
polarity, electric charge and/or surface chemistry of each latex material. More preferably,
but not limited to, said two latexes comprise polymers sclected from the group consisting

of: styrene, acrylonitrile, butadienc (i.e. 1,3-butadienc) and copolymers thereof. Most
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preferably, said two latexes are polystyrene (PS) and styrenc butadiene acrylonitrile
(ABS) copolymer. Said two latexes arc mixed in a desired ratio to obtain the desired
roughness which can be used to either enhance or decrease cell proliferation and/or cell
adhesion. Preferable particle size for polystyrene is 100-200 nm providing barrier
properties and integrity for the film. The molar ratio of PS:ABS latexes in the blend can
be in the range of about 10:90 — 90:10, preferably about 20:80 — 80:20, more preferably
about 30:70 — 70:30, even more preferably about 40:60 — 60:40. In another embodiment,
the ratio of PS:ABS in the blend is enhancing cell proliferation. In another preferred

embodiment, the ratio of PS:ABS in the blend is decreasing cell proliferation.

The present technology thus provides a new food packaging platform composed of a
transparent and chemically and topographically customized latex film, preferably with
clectrodes being processed on the film that enable real-time measurement of e.g. pH and

ion concentration in the product as well as the metabolic states of the cells.

In another embodiment, the present invention is directed to a medical device or medical
device package comprising a nanostructured latex film. The term medical devices as used
herein is defined to have its conventional meaning and preferably refers to any device or
implant made from a biocompatible material for insertion or implantation into the body of
a human or animal subject, including but not limited to stents (e.g., coronary stents,
vascular stents including peripheral stents and graft stents, urinary tract stents,
urcthral/prostatic stents, rectal stents, esophageal stents, biliary stents, and pancreatic
stents), surgical sutures, surgical needles, meshes, clectrodes, catheters, leads,
implantable pacemakers, cardioverter or defibrillator housings, joints, screws, rods,
ophthalmic implants, femoral pins, bone plates, grafts, anastomotic devices, perivascular
wraps, sutures, staples, shunts for hydrocephalus, dialysis grafts, colostomy bag
attachment devices, car drainage tubes, leads for pace makers and implantable
cardioverters and defibrillators, vertebral disks, bone pins, suture anchors, hemostatic
barriers, clamps, screws, plates, clips, vascular implants, tissue adhesives and sealants,
tissue scaffolds, various types of dressings (e.g., wound dressings), bone substitutes,

intraluminal devices, vascular supports, etc., and equivalents thereof.
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In a further embodiment, a non-transparent, semi-transparent or transparent electronics
assembly is provided for monitoring and manipulating cellular processes in real-time. In
particular the assembly comprises a hierarchically structured latex. Such an assembly is
formed by
— cither a non-transparent, semi-transparent or transparent substrate with a
deposited latex layer having a predetermined structure for active food packing;
and
— printed or evaporated electrodes for monitoring and manipulating cellular

processes to be used for intelligent food packing.

Preferably, the clectrodes allow for electrical monitoring for example in real-time.

Preferably, the electronics assembly gives detailed information on one or several of the
following features: glucose content, pH, sulfur compounds, biogenic amines, cell
adhesion, cell growth and cell morphology to be used in food packaging technologies and

other corresponding consumer products.

A schematic presentation of different fabrication steps for latex films is shown in Figure
4. The latex comprises or consists of a synthetic or naturally occurring stable aqueous
dispersion or emulsion of polymer particles, preferentially containing styrene and/or
butadiene groups. The blend used is typically a mixture of two or more of aforementioned

emulsions or dispersions.

The fabrication comprises four steps:
— the coating phase,
— the drying and sintering phase,
— the peeling phase and

— the functionalization phase.

The peeling phase is only necessary for the fabrication of self-supporting films, while the
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functionalization phase only applies if latex surfaces are desired to carry a surface

functionalization. In the image three example lines are shown.

In the first line (1), latex is coated on the surface of a structured template, dried and
sintered to obtain a desired surface, and finally peeled off to become a self-supporting

latex film substrate.

In the second line (2), a latex coating is spread on a structured supporting substrate, and

dried and sintered, to enable the design of a hierarchically structured surface.

Similarly, in the third line (3), latex is directly coated on a transparent supporting

substrate without structure.

Different template materials can be used for creating various forms and structures for the
latex substrates to be coated on, in particular so as to form boxes to be used in food
packaging, milk carton or bottles to be used for liquids. Different latex blends and heat
treatments give rise to different topography and surface chemistry. The highly transparent
latex films can be self-supported as for example in Figure 2a or then supported by for
instance glass or paper (Figures 3b to 3c). A similar bimodal nanostructured surface

topography is obtained for self-supported, paper- and glass supported substrates.

Electrically and electrochemically active semi-transparent layers for electric modulation
and sensing can be deposited on the latex. For example, ultra-thin and conductive gold
clectrodes (UTGE) with 50% transmission can be evaporated or printed onto the latex
surface (Figure 2a). A preferred alternative is a semitransparent or transparent conductive

polymer such as PEDOT:PSS.

UTGEs with nominal thickness of 20 nm were fabricated using physical vapor deposition
with resistive heating and a shadow mask for patterning. The evaporation was done under
high vacuum (10-6 mbar) using a heated aluminum-coated tungsten basket. A deposition

monitor (XTM/2, Inficon) was used for gravimetric determination of the amount of
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evaporated gold on the film surface. With a nominal thickness of 20 nm, conductive
UTGEF clectrodes (resistivity: 2.6 x 10—6 Q cm) with grain thickness of about 6 nm were

obtained.

The latex and clectrode surfaces can be further or alternatively functionalized e.g. by
antibiotics, metal ions, nanoparticles, printed biomolecule films or self-assembled thiol
monolayers. Impedimetric studies confirmed a good long-term stability of the electrodes
in high glucose content cell media, which is necessary for applications in the field of food
packing for monitoring cellular processes where the time span of various products can be
several days (Figure 3b). Preferred biomolecules for functionalization also include active
pharmaceutical ingredients (API) or other chemical compounds, such as toxic chemicals,

having an effect on cell growth or activity.

The bare gold electrodes can also be used as such for measuring the concentration of
electroactive analytes using cyclic voltammetry when an appropriate reference electrode
is used. As an example, the intelligent packing platform can be used to determine the
concentration of active medicinal components as demonstrated with caffeic acid in the

Experimental Section below.

The clectrodes can also be modified for instance by electro polymerizing a conductive
polymer layer that allows a continuous monitoring of the pH or concentration of glucose
or other cell metabolites in the cultivation area during cell growth. By using ion selective
membranes on the electrode the concentration of different ions, e.g. potassium [K+], can

be analyzed.

The transparency of both the latex substrate and the thin electrodes (Figure 2a,b) enables
transparent food packing solution to be produced combined with the electrical
measurements which opens up direct correlation of variable parameters such as cellular
metabolites, cell adhesion, cell growth and glucose levels. Specific advantages of
electrical methods are the ability to detect low concentrations of biological analytes and

the label-free analysis techniques.
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One typical food package platform is based on a transparent material such as glass or
plastic, modified with a latex-based structured surface topography, tailored surface
chemistry and semi-transparent electrodes for both active and intelligent packing
solutions. It gives, in real-time, detailed information on cellular processes such as cell
adhesion, growth, morphology, pH, metabolites, sulfur compounds, biogenic amines and

glucose content.

The materials can be designed to control cell growth or cellular adhesion in a desired
manner. The electrodes open up the possibility to control cell fates by electrical stimulus,
controlled chemical or drug release and to simultancously measure pH and metabolites in
the food product as well as glucose levels during the lifespan of the product giving

detailed information regarding the product (Figure 9).

As seen in Figure 6 a clear increase or decrease in cell growth is visible after 3 days of
incubation in the latex coated coverslips when Human Dermal Fibroblast (HDF) are
grown on the specifically tailored nanostructured surface. This increased or decreased
cell growth could be utilized when controlling cell division is desired, such as in the case

of food products, consumer products and medical devices.

Another food package platform type is based on non-transparent support such as paper,
cardboard or similar natural fiber based material combined or supported with a structured
and functionalized latex-film that can be mass produced at low cost. This version is
suitable to be used as container for food products that easily perish such as fast food,
ready-made meals, ice cream containers and milk or juice cartons. The life-span of the
product could be further prolonged by functionalizing the latex coated container with an
active molecule such as nanoparticles, silver ions or antibiotics. These compounds could
be deposited (e.g. coated, printed etc.) directly on the paper or added to the medium of
the food product.
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By including a radio frequency identification (RFID) device on the substrate connected to
the sensing electrode, it is possible to send and receive information regarding the content
of the product (see e.g. Figures 8 and 9). That would give real-time information regarding
the current state of the product, for example if the food is spoiled or edible or if the cold

chain was broken during storing and transport.

In the context of the present invention, the term “RFID sensor”, “RFID chip”, or “RFID
device” can relate to a passive RFID tag or a passive RFID transponder and the like
defining any RFID transponder which is powered by an clectromagnetic wave, i.c. a

remotely powered RFID transponder.

The term “RFID sensor”, “RFID chip”, or “RFID device” can also relate herein to an
active RFID tag or an active RFID transponder and the like defining any RFID
transponder which is powered by its own energy source and/or a local energy source, i.c.

a self-powered RFID transponder.

In the context of the present invention, the term “reader” or “RFID reader” defines a
device configured to communicate via electromagnetic waves with one or more RFID
devices, for example such as one or more RFID transponders. A smartphone or computer

may comprise such a reader.

The RFID chip comprises an antenna or an antenna is electrically coupled to the RFID
chip and configured to receive signals from and transmit signals to a RFID reader. The
RFID chip is also provided with an electrical interface to the sensing material, i.c. a
nanostructured latex film functionalized with a sensing electrode. The RFID chip is
preferably configured to modulate a signal received from a reader and to drive the

sensing material with the modulated signal.

The present invention is also directed to a method for controlling and monitoring
bacterial cell growth in a food or pharmaceutical product or medical device packaging,

the method comprising the steps of:
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- attaching or adding the nanostructured latex film functionalized with a sensing electrode
and/or an anti-microbial coating into a food package or pharmaceutical product or
medical device or onto packaging material;

- optionally contacting said film with a food product or pharmaceutical product or
medical device; and

- optionally reading data from a sensing electrode of said film using a built-in device,
such as an RFID sensor, of said film transmitting information thru a reader or an

electronic device such as smartphone or computer.

In the following Experimental Section, latex films according to the present technology
were used as substrates for evaporated ultrathin and semi-transparent gold electrodes with
nominal thicknesses of 10 nm and 20 nm. Optical properties and topography of the
samples were characterized using UV-vis spectroscopy and Atomic Force Microscopy
(AFM) measurements, respectively. Electrochemical impedance spectroscopy (EIS)
measurements were carried out for a number of days to investigate the long-term stability
of the electrodes. The effect of 1-octadecancthiol (ODT) and HS(CH;);;OH (MuOH)
thiolation and protein (human serum albumin, HSA) adsorption on the impedance and
capacitance was studied. A typical ~10% decrease of capacitance at 100 Hz was observed
[30] after immobilization of 1 mg/mL HSA on the bare and ODT functionalized gold
electrodes in still conditions. The corresponding change of capacitance on the hydrophilic
MuOH functionalized electrode was negligible. The performance of the electrodes was
tested also under flow conditions with EIS measurements. In addition, cyclic
voltammetry (CV) measurements were carried out to determine active medicinal
components, i.e., caffeic acid with interesting biological activities and poorly water-

soluble anti-inflammatory drug, piroxicam.
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EXPERIMENTAL SECTION

Materials and methods

i. Template substrates
Four different AFM calibration grids (models: TGG1, TGZ2, TGT1 and TGX1, NT-

MDT, Russia), microscope glass slides (Menzel-Glaser, Thermo scientific, Germany),
Polydimethylsiloxane (PDMS) (Wacker, Germany) and a multilayer curtain coated paper

were used as model template substrates from which the latex coatings were peeled off.

ii. Coating material
The two component coating latex blend with a weight ratio of 1:1 was prepared by

mixing aqueous dispersions of polystyrene particles (HPYS83; average particle size = 140
nm, Ty = 105°C, wt.% = 48.0, DOW) and styrene butadiene acrylonitrile copolymer
(HPC26; average particle size = 140 nm, T, = §-10°C, wt.% =49.5-50.5, DOW).

iii. Latex film fabrication
Different film fabrication methods were used to obtain a latex polymer film, for example

rod coating was applied on paper substrates and glass substrates and drop-casting was
used on calibration grids and glass cover slips. After the films appeared dry, they were
sintered using an IR lamp (IRT systems, Hedson Technologies AB, Sweden) for 30-60 s
in order to anneal the particles. The samples were immersed in water and washed in an
ultrasound bath (FinnSonic m08&) for 10 s and then the latex films were peeled off from
the template substrates. The fidelity of the replication technique greatly depends on the
properties of the template materials. For example, pecling of a thin latex film from a more
porous precipitated calcium carbonate (PCC) coated paper substrate was not feasible. On
the other hand, the low surface energy, durability, flexibility and low adhesive force [31]
of polydimethylsiloxane (PDMS) —based templates make them ideal template materials.
The latex film thickness also has an influence, i.¢., thicker latex films are generally easier
to peel off from the templates, but their drying time is long and transparency lower.
Naturally the shape of the templates also somewhat influences the fidelity of the peeling
process. For example 5 the latex film was casier to peel off from the TGZ2 grid (with

vertical and horizontal surface features) compared to TGX1 grid with chessboard-like
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array of square pillars with sharp undercut edges. With a low coating amount the IR
treatment reached throughout the whole coating thickness creating the characteristic
nanopatterned structure within the higher hierarchical pattern. In case of thicker coating
amounts, an additional IR treatment could be performed after the peeling process to

obtain a typical heat-treated surface structure also on the bottom side.

iv. Fabrication and functionalization of ultrathin gold film electrodes
The ultrathin gold films (UTGF) with nominal thicknesses of 10 nm and 20 nm were

fabricated on the self-supported latex films using physical vapour deposition (PVD) with
resistive heating. The film was attached on the shadow mask that was used for patterning.
The gap between the evaporated gold electrodes was ~190 um and the width of the
clectrodes 5 mm. The dimensions of the contacts were 1 mm x 12 mm. The evaporation
was done under high vacuum 2-5 x 10® mbar during two separate runs using a heated
aluminium-coated tungsten basket. The evaporation rate was set to 1 A/s. A deposition
monitor (XTM/2, Inficon) was used for gravimetric determination of the amount of
evaporated gold on the film surface. The topographical characterization and
clectrochemical application of the UTGF clectrodes on paper-supported latex coatings
have been previously described clsewhere [27]. Briefly, a nominal thickness of 10 nm
yielded UTGF clectrodes with semiconducting (n-type) characteristics and
polycrystalline grain structure with grain thickness of about 2 nm. Respectively, a
nominal thickness of 20 nm yielded conductive UTGF electrodes (resistivity: 2.6 x 10—6
Q cm) with grain thickness of about 6 nm. Similar characteristics were observed also for

the UTGF electrodes on the self-supported latex film.

Functionalization of the UTGF clectrodes with a self-assembled monolayers (SAMs)
were carried out with a hydrophobic 1-octadecancthiol (ODT, Fluka Chemika) in ethanol
and with a hydrophilic HS(CH;);;OH (MuOH, Sigma-Aldrich) in water. Before
thiolation, the evaporated UTGF electrodes were cleaned with plasma (air) flow (PDC-
326, Harrick) for 2 min and rinsed or immersed in absolute ethanol. The plasma treated
self-supported latex films with UTGFs were placed on a microscope glass support and

scaled with a silicone ring in a custom-built liquid flow cell (FIAlab Instruments, Inc.,
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USA) (Appendix, Al) and exposed to the thiol solution (ODT: 500 uL, 5 mM / MuOH:
500 uL, 446 uM) for 24 h at room temperature under a cap. After the SAM formation, the
ODT-functionalized electrodes were rinsed with absolute ethanol and 0.1 M KCl and the
MuOH-functionalized electrodes with water and 0.1 M KCI solution. The HSA protein
adsorption studies were conducted using 0.1 M KCl as the supporting electrolyte.

Characterization

Transmission UV-vis spectroscopy measurements were carried out using a Perkin-Elmer

Lambda 900 with an integrating sphere setup.

Electrical Impedance spectroscopy (EIS) measurements were performed using a portable
clectrochemical interface and impedance analyzer (CompactStat, Ivium Technologies,
The Netherlands). The experiments were carried out with a two electrode setup for
keeping the clectrode construction planar and simple. An aluminum foil was placed on
top of the ultrathin gold electrode contacts before thin metal probes were pressed on the
contacts connecting the gold electrodes to the CE and WE cables of the instrument. The
clectrolyte solution was applied on top of the electrodes using a liquid cell. A capacitance
vs. potential plot for the gold clectrodes with 10 nm and 20 nm nominal thicknesses was
first measured in 0.1 M KCI to determine the point of zero charge (E ~ 0 V). The
impedance measurements throughout the work were recorded at a constant dc-potential (0
V) and with an applied sinusoidal excitation signal of 10 mV at a frequency range of
10000 Hz — 10 Hz. In the flow measurements the solutions with a total volume of at least
5 mL were circulated with a flow rate of 23 pL/s using a peristaltic pump (101U/R
Watson Marlow, England).

CV measurements were carried out using the same CompactStat and liquid cell setup.
The electrode system consisted of an gold working clectrode (WE), an gold counter
clectrode (CE) and a conventional Ag/AgCl (3M KCIl) (Metrohm) reference clectrode.
The electrodes were not placed in the middle of the liquid cell but slightly off so that the
arca of the WE (~ 7.3 mm2) was smaller than the arca of the CE. A scan rate of 25 mV/s
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was used and the potential was cycled between -0.2 V and +0.8 V in case of caffeic acid
(3-(3,4-dihydroxyphenyl)-2-propenoic acid) solution and between 0 V and +0.8 V in case
of piroxicam (4-hydroxy-2-methyl-N-(2-pyridyl)-2H-1,2-benzothiazine-3-carboxamide-
1,1-dioxide) solution. 0.1 M KClI in water was directly used as the supporting clectrolyte.

An NTEGRA Prima (NT-MDT, Russia) atomic force microscope (AFM) was used for
analyzing the surface topography of the peeled latex films. The images were scanned in
air operating with intermittent-contact mode at the repulsive regime using rectangular
cantilevers (NSG10 NT-MDT, Russia) with a 0.3 Hz scan rate at ambient conditions (T =
27 + 2°C, Relative humidity, RH = 44 £+ 3%). The images were processed and analyzed
using the SPIP (Scanning Probe Image Processor, Image Metrology, Denmark) software.
Contact angle measurements were carried out with a CAM200 contact angle goniometer
(KSV Instruments Ltd.) at ambient conditions (T = 29.8°C, RH = 38.4%). Small 2 uL
sized water (Millipore) droplets were placed on the samples and the contact angle values

were recorded as a function of time.

Results and discussion

a. Preparation and topographical characterization of hierarchically structured self-
supported films and semi-transparent electronics

Different kinds of template substrates were used for the preparation of the self-supported

latex films depending on the hierarchical structure desired. For example, sub-nanometer

and nanometer scale features can be prepared by rod-coating the latex blend dispersion on
a pigment coated paper substrate. After an IR treatment a distinct nanostructured
topography with bimodal height distribution and random distribution, depending on the
ratio of soft and hard components in the latex blend [32] was obtained. It is notable that
the top-side structure of the self-supported film remained unchanged compared to the
structure of the coating still being attached to the supporting substrate indicating that the
peeling-off process did not cause any apparent changes or defects on the surface structure

of the latex film (with a thickness of approximately 5.1 um).
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Higher hierarchical ordering can be achieved by applying the latex coating on substrates
with lithographically pre-patterned structures. Here, we used AFM calibration grids due
to their very precise sub-micron or micron periodic structure. After coating, IR sintering
and agitation treatment, the latex film was peeled off. The periodic structures on both the
latex film and the calibration grid appear as rainbow-like iridescent colors. The colors are
created by structural coloration [33] and thus appear only on the effective 3 mm x 3 mm

central square of the 5 mm % 5 mm TGZ2 chip. Comparison of vertical and lateral
dimensions of the surface features in the AFM line profiles to the dimensions of the AFM
calibration grid gratings show that a negative replica of the calibration grid structure was

very accurately produced.

b. Optical characterization

Optical transparency of the self-supported latex films was determined by UV/vis
spectrophotometer in transmission mode. About 80% optical transmission in the visible
light region (400—700 nm) was achicved with the sclf-supported films that were peeled
off from a paper substrate and wetted with water or soaked with linseed oil from the
backside. About 10% less light was transmitted when the films were in dry state. This
change was clearly seen also by naked eye. To create a typical bimodal surface on both
sides of the pecled latex films, a glass slide was used as the template. Thereby also the

optical transparency was enhanced to approximately 90%.

The optical transparency of the self-supported latex films decreased to around 45-50%
after the deposition of UTGF electrodes. For comparison, the optical transparency of an
ITO top clectrode (processed at low temperature) used in solar cells has an average

transmittance of above 85% [34].

The UTGFs had a typical polycrystalline grain morphology commonly observed for
vapordeposited UTGFs [27]. The average grain height in the UTGFs with a nominal
thickness of 10 nm and 20 nm was 2.5 £ 0.5 and 6.2 + 0.3 nm, respectively. These
correspond to the height values previously obtained for UTGFs on paper-supported latex
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coating [27]. The lack of a clear dip in transmission after ~500 nm typically observed for
discontinuous UTGFs due to localized surface plasmon resonance absorption [35]
indicates that UTGFs on self-supporting latex film are quite continuous. UTGFs on
paper-supported latex coatings have been shown to form a continuous, interconnected
island network on the surface even with nominal thickness of 10 nm [27]. This seems to
be true also here and explains the high conductivity of UTGF with nominal thickness of
20 nm [27]. The thicker UTGF showed a pronounced decrease in optical transmission at
longer wavelengths whereas the transmission of the thinner UTGF remained quite stable.
This trend follows that shown for ideal UTGFs (i.e. consisting of a single Au layer with
homogeneous density) by theoretical calculations [32]. Theoretical transmission curves
calculated by the transfer-matrix method using the bulk dielectric function of gold predict
a faster drop of the optical transmission in VIS/NIR region as a function of film
thickness. The resistance (R) of the UTGF evaporated on the latex film peeled off from
the TGZ2 template surface was measured with a Fluke 73 Il multimeter using two
probes at a distance of 4 mm from cach other. Almost equal R-values were measured
when the probes were placed in parallel with the lines (9.7 W) and across the lines (11.4
W). This further demonstrates the good continuity of the evaporated gold films even on

structured surfaces.

c. Electrochemical characterization

Impedimetric measurements have been carried out with paper-based printed and
evaporated gold electrodes previously [27, 36, 37, 28] in steady state. Here the EIS
studies were carried out with the transparent self-supported nanostructured latex versions
for extended time periods as a good long term stability of the UTGF electrodes is
necessary e.g. in the field of cell growth, migration and proliferation where the time span
of various processes can be several days. Good barrier properties are important for
obtaining stable readings in liquid medium. One benefit related to the use of the self-
supported latex films is that in case of a small pinhole or defect in the latex film (or
substrate with inadequate barrier propertics ¢.g. pristine latex coating) there is no

supporting base paper substrate that would suck the liquid or solution which would cause
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c.g. unwanted concentration changes. The capacitance of the ODT-functionalized
clectrodes remained extremely constant at 133 + 2 nF for several hours after the initial

stabilization. The obtained capacitance decrease from 202 nF was approximately 34%.

CV measurements were carried out with two pharmaceutically interesting model
compounds, i.c., caffeic acid and piroxicam. 0.1 M KCl in water was directly used as the
supporting electrolyte without any optimization to lower the oxidation potential of the
compounds ¢.g. by changing the solution pH or the electrolyte and its concentration [38§].
The profiles of the cyclic voltammograms measured with the highest caffeic acid
concentration are quite characteristic for caffeic acid sample showing one anodic peak at
505 mV and one cathodic peak at 280 mV [38]. Piroxicam on the other hand is

voltammetrically oxidizable and showed only the oxidation peak [39].
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CLAIMS

1. A nanostructured latex film functionalized with a sensing electrode for controlling and
monitoring bacterial cell growth in food packaging, said film comprising a device for

sending and receiving data and information.

2. The film according to claim 1, wherein said film is functionalized with coated, printed

or evaporated sensing electrodes, preferably semi-transparent electrodes.

3. The film according to claim 1, wherein said device is a radio-frequency identification

(RFID) sensor.

4. The film according to claim 1, wherein said film comprises a blend of two latexes,

preferably either enhancing or decreasing cell proliferation and/or cell adhesion.

5. The film according to claim 4, wherein said two latexes are polystyrene and styrene

butadiene acrylonitrile copolymer.

6. The film according to claim 1, wherein said sensing electrode is an ultrathin metal film
electrode (UTMF) or a conductive semitransparent or transparent polymer such as

PEDOT:PSS.

7. The film according to claim 1 further functionalized with antibiotics, metal ions,

nanoparticles, printed biomolecule films or self-assembled thiol monolayers.

8. The film according to claim 1, wherein said film is placed upon a support, attached to a

support or said film is a coat applied to a support so as to form a composite.

9. The film according to claim 8, wherein said support is composed of transparent or

semi-transparent material such as glass or plastic.



10

15

20

25

30

WO 2020/012060 PCT/F12019/050459

28

10. The film according to claim 8, wherein said support is composed of non-transparent

material such as paper or cardboard.

11. The film according to claim 8, wherein said support is food packaging material.

12. A food or pharmaceutical product packaging comprising a nanostructured latex film.

13. The packaging according to claim 12, wherein said film is functionalized with a
sensing electrode for controlling and monitoring bacterial cell growth, said film

comprising a device for sending and receiving data and information.

14. The packaging according to claim 13, wherein said sensing electrode provides data
and information on one or several of the following features: glucose content, pH, sulfur

compounds, biogenic amines, cell adhesion, cell growth and cell morphology.

15. The packaging according to claim 12 comprising a nanostructured latex film

according to any one of claims 1-11.

16. Medical device or medical device package comprising a nanostructured latex film.

17. The device or package according to claim 16, wherein said film is functionalized with
a sensing electrode for controlling and monitoring bacterial cell growth, said film

comprising a device for sending and receiving data and information.

18. The device or package according to claim 17, wherein said sensing electrode provides
data and information on one or several of the following features: glucose content, pH,

sulfur compounds, biogenic amines, cell adhesion, cell growth and cell morphology.

19. The device or package according to claim 16 comprising a nanostructured latex film

according to any one of claims 1-11.
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20. Method for controlling and monitoring bacterial cell growth in a food or
pharmaceutical product or medical device packaging, the method comprising the step of:
- attaching or adding a nanostructured latex film into a package of a food product or

pharmaceutical product or medical device or onto packaging material.

21. The method according to claim 20, wherein said film is functionalized with a sensing
electrode and/or an anti-microbial coating and preferably with a device for sending and

receiving data and information.

22. The method according to claim 20 comprising the further steps of:

- contacting said film with a food product, pharmaceutical product or medical device, and

- optionally reading data from a sensing electrode of said film using a built-in device of
said film transmitting information thru an electronic device such as smartphone or

computer.

23. The method according to claim 22, wherein said built-in device is an RFID sensor.

24. The method according to claim 21, wherein said sensing electrode provides data and
information on one or several of the following features: glucose content, pH, sulfur

compounds, biogenic amines, cell adhesion, cell growth and cell morphology.
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